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Severe acute respiratory syndrome (SARS) is caused by a newly emerged coronavirus (CoV) designated 
SARS-CoV. The virus utilizes angiotensin-converting enzyme 2 (ACE2) as the primary receptor. Although the 
idea is less clear and somewhat controversial, SARS-CoV is thought to use C-type lectins DC-SIGN and/or 
L-SIGN (collectively referred to as DC/L-SIGN) as alternative receptors or as enhancer factors that facilitate 
ACE2-mediated virus infection. In this study, the function of DC/L-SIGN in SARS-CoV infection was examined 
in detail. The results of our study clearly demonstrate that both proteins serve as receptors independently of 
ACE2 and that there is a minimal level of synergy between DC/L-SIGN and ACE2. As expected, glycans on 
spike (S) glycoprotein are important for DC/L-SIGN-mediated virus infection. Site-directed mutagenesis 
analyses have identified seven glycosylation sites on the S protein critical for DC/L-SIGN-mediated virus entry. 
They include asparagine residues at amino acid positions 109, 118, 119, 158, 227, 589, and 699, which are 
distinct from residues of the ACE2-binding domain (amino acids 318 to 510). Amino acid sequence analyses 
of S proteins encoded by viruses isolated from animals and humans suggest that glycosylation sites N227 and 


N699 have facilitated zoonotic transmission. 


The etiological agent of severe acute respiratory syndrome 
(SARS) has been identified as a novel coronavirus (CoV) des- 
ignated SARS-CoV (9, 20, 32, 35). SARS-CoV represents one 
of several pathogens that have emerged in recent years. The 
SARS epidemic during 2002 and 2003 had a major socioeco- 
nomic impact globally. Although SARS-CoV infections have 
not been reported recently, there is potential for the virus to 
reemerge in the future, considering that humans often come 
into contact with animals that are susceptible to virus infection 
or that serve as reservoirs (11, 21, 29). Better understanding of 
the mechanism(s) of virus entry into host cells could facilitate 
development of a vaccine and antiviral agents. 

The entry of CoVs into cells is mediated by spike (S) glyco- 
protein. S protein of SARS-CoV is 1,255 amino acids (aa) long. 
It has a 13-aa signal peptide, a single ectodomain (1,182 aa), 
and a transmembrane region followed by a short cytoplasmic 
tail (28 residues) (28, 37). Although S proteins of many CoVs 
are cleaved into and function as two separate subunits, S1 and 
$2 (1, 17, 31), S protein of SARS-CoV is not (12, 47). It is 
presumed, nevertheless, to have two functional domains, and 
the border between them has been suggested to be around aa 
680 (27, 41). The S1 domain is responsible for binding to 
cellular receptors, and the S2 domain contains two heptad 
repeat regions (HR1 and HR2) that form six-helix bundles (5, 
16, 43, 50, 51) and mediate fusion between viral and cellular 
membranes. 

The receptor for SARS-CoV has been identified as angio- 
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tensin-converting enzyme-related carboxypeptidase (ACE2) 
(24). The receptor-binding domain (RBD) has been narrowed 
down to amino acid residues 318 to 510 (3, 46, 47). A cocrystal 
structure of ACE2 bound to the RBD revealed that residues 
424 to 494 form the receptor-binding motif (RBM) that di- 
rectly contacts ACE2 (25). Not surprisingly, site-directed mu- 
tagenesis studies have identified many residues within this re- 
gion as critical to binding ACE2 (6, 46). 

Although it is clear that ACE2 serves as a receptor for 
SARS-CoV, other reports show that DC-SIGN (dendritic cell- 
specific ICAM-3-grabbing nonintegrin) and L-SIGN (for liver/ 
lymph node-specific; also called CD209L or DC-SIGNR) also 
are involved in virus entry (18, 30, 48). DC-SIGN and L-SIGN 
(collectively referred to as DC/L-SIGN) are members of a 
C-type lectin family, the interactions of which with ligands are 
carbohydrate dependent (2, 14, 26); they specifically recognize 
high-mannose glycans (10). The exact role of these molecules 
in viral infection/pathogenesis is unclear and somewhat con- 
troversial. While one study reported that L-SIGN can serve as 
an alternative receptor (18), another study showed that DC/L- 
SIGN enhance only ACE2-mediated infections (30). Regard- 
less, the potential role of DC/L-SIGN in SARS-CoV patho- 
genesis is great, since dendritic cells have been shown to 
transfer infectious viruses to susceptible target cells via DC- 
SIGN (48). Moreover, L-SIGN is expressed in human lung 
tissue on type II alveolar cells, which are important targets for 
SARS-CoV infection (8, 42). However, results from genetic 
analyses seem to suggest that homozygosity for L-SIGN plays 
a protective role in SARS-CoV infection by promoting higher 
levels of proteasome-mediated virus degradation (7). In light 
of these conflicting observations, the role of DC/L-SIGN in 
SARS-CoV infections needs to be further examined. 

In this study, SARS pseudoviruses were utilized to charac- 
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TABLE 1. Primers used for generating mutant S glycoproteins“ 


Amino acid 
position of Asn 


Sense-strand sequence (5’ to 3’) 


QO tei cstisdenctasy gat gtt caa gct cct CaG tac act caa cat ac 

OD ssssseccesrasresa’ ctt cca ttt tat tect CaG gtt aca ggg ttt c 

TB aviscessisuanseae ggg ttt cat act att CaG cat acg ttt ggc aac 

MODs ssisisiienssy gg gtt ttt geA tcC acc atg aac CaG aag tca cag tcg 
gtg 


cg gtg att att att CaG aat tct act aat g 

..gtg att att att aac CaG tect act aat gtt g 

..C gat aat gca ttt CaG tge act ttc gag tac 

g cct ctt get att CaG att aca aat ttt ag 

ctc aag tat gat gaa CaG get aca atc aca g 

gtt gtg aga ttc cct CaG att aca aac ttg tg 

gga gag gtt ttt CaG gct act aaa ttc cc 

..¢ tect gtg ctc tac CaG tcG aca ttt ttt tea ace 

agt gta att aca ccC ggG aca CaG get tca tct gaa git 
get gtt c 

cta tat caa gat gtt CaG tgc act gat gtt tct 

..tca att get tac tet CaG aac acc att gct ata 

att gct ata cct act CaG ttt tca att age att 

acc cca act ttT aaa tat ttt get get ttt CaG ttt tca 
caa ata tta 


“ Capital letters indicate mutated nucleotides. Antisense primers are comple- 
mentary to the sense primers. Bold type indicates where changes were made. In 
case of an amino acid change, the entire codon is boldfaced. 


terize and to compare virus infections mediated by DC/L- 
SIGN and by ACE2. Here, we demonstrate unambiguously 
that DC/L-SIGN indeed serve as receptors for SARS-CoV and 
that they function independently of ACE2. As expected, gly- 
cans on S protein play an important role in DC/L-SIGN-me- 
diated infections. Moreover, site-directed mutagenesis analy- 
ses revealed that carbohydrate moieties on specific asparagine 
(N)-linked glycosylation sites are critical. The results of our 
study provide a better understanding of SARS-CoV entry and 
identify another potential target for development of antiviral 
agents against the virus. 


MATERIALS AND METHODS 


Plasmids and site-directed mutagenesis. A plasmid encoding full-length wild- 
type human ACE2 was generously provided by Michael Farzan (24). Plasmids 
encoding DC-SIGN or L-SIGN (33, 34) were obtained from the NIH AIDS 
Research and Reference Reagent Program (catalog nos. 5444 and 6746, respec- 
tively). Site-directed mutagenesis of SARS-CoV S protein (pHCMV-S) (12) was 
performed using a QuikChange XL site-directed mutagenesis system (Strat- 
agene) with PfuTurbo DNA polymerase. Seventeen pairs of primers were used to 
generate mutants. Sense-strand primer sequences are shown in Table 1. Some 
primers included silent mutations for introducing restriction sites. All of the 
mutations were verified by sequencing. 

Pseudovirus production and infections. Cell lines TELCeB6 (38), HeLa, and 
Vero E6 were maintained in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 5 to 7% fetal bovine serum, 2 mM L-glutamine, and penicil- 
lin-streptomycin antibiotics. Cells were cultured in 5% CO, incubators at 37°C. 
Pseudoviruses that encode B-galactosidase were produced as we have previously 
described (12). Briefly, TELCeB6 cells, which continuously release murine leu- 
kemia virus particles, were cotransfected with plasmids encoding S glycoprotein 
(pHCMV-S) and peDNA3.1 (Invitrogen) using Lipofectin (Invitrogen) per the 
manufacturer’s protocol. To generate TELCeB6 cells that stably express S gly- 
coprotein, cotransfected cells were selected in the growth medium containing 
Geneticin (0.4 g/ml; Invitrogen). Geneticin-resistant clones were isolated and 
expanded, and those able to produce high titers of SARS pseudoviruses were 
selected. Although cells subsequently were maintained in the absence of Gene- 
ticin, they continuously produced pseudoviruses with titers of 5 < 10% to 6 x 10° 
per ml. The virus titer was determined in Vero E6 cells. Mutant pseudoviruses 
were produced by transient transfections with plasmids encoding mutant S pro- 
teins. 
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Pseudovirus infections were done using Vero E6 cells (96-well plates) or HeLa 
cells (24-well plates) transfected with plasmid encoding ACE2, DC-SIGN, or 
L-SIGN. Cells were transfected with 1 jg (or indicated amounts) of plasmid 
DNA per well using Lipofectin. After overnight incubation, culture medium was 
replaced. Approximately 24 h posttransfection, cells were infected with 100 to 
150 infectious units of pseudoviruses. Pseudoviruses were allowed to adsorb onto 
cells for about 60 min. Cells subsequently were washed with serum-free DMEM 
to remove unadsorbed viruses, and fresh medium was added. Infections were 
allowed to proceed for an additional 1.5 days, at which time infected cells were 
stained with 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside and quantified as 
previously described (12). Unless specified, results of virus infections are shown 
as absolute titers (i.e., number of infectious foci) or normalized as a percentage 
of the wild-type control or no inhibitor (or neutralizing antibodies) for the given 
receptor. 

Pseudovirus inhibition and neutralization assays. ACE2-derived inhibitory 
peptide P6 was previously described (13). The peptide or mannan (Sigma- 
Aldrich), dissolved in phosphate-buffered saline at the indicated concentrations, 
was preincubated with 100 infectious units of SARS-CoV pseudoviruses for 20 
min at 37°C. Subsequently, the virus-inhibitor mixture was added to HeLa cells 
transfected with either ACE2 or L-SIGN. Cells were incubated at 37°C for an 
additional 1.5 days and were stained for B-galactosidase activity as described 
above. 

Neutralizing mouse monoclonal antibodies (MAbs) against SARS-CoV S pro- 
tein (44) were generously provided by Lia M. Haynes at the Centers for Disease 
Control and Prevention. Polyclonal mouse anti-SARS-CoV S-protein antiserum 
(22) was kindly provided by Chul-Joong Kim at Chung Nam National University, 
South Korea. Pseudoviruses were incubated with antibodies for 1 h at 37°C. 
Subsequently, the antibody-virus mixture was added to HeLa cells transfected 
with either ACE2 or L-SIGN. Cells were incubated at 37°C for 1.5 days and 
stained for B-galactosidase activity. Assays were done in duplicate. 

To evaluate effects of endoglycosidase H (Endo H; New England Biolabs) on 
SARS-CoV pseudovirus infectivity, about 100 infectious units were treated with 
500 U of enzyme for various times (0 to 4 h) in a nondenaturing condition. For 
controls, pseudoviruses were incubated with either normal culture medium or 
buffer only (50 mM sodium citrate, pH 5.5). 

Western blotting. Freshly seeded TELCeB6 cells (less than 1 day old) were 
transfected as previously described (12, 13) with plasmids encoding either the 
wild-type (pHCMV-S) or mutant (pHCMV-S-) S gene using Lipofectin (In- 
vitrogen). Three days posttransfection, culture medium was used as a source of 
SARS pseudovirus, and cells were lysed with a hypotonic buffer containing 
nonionic detergent (10 mM Tris, pH 7.5, 10 mM NaCl, 1.5 mM MgCl, and 1% 
NP-40) for protein analysis. Nuclei were removed by brief centrifugation. Post- 
nuclear cell extracts were subjected to sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis followed by electrotransfer to nitrocellulose membranes for 
Western blot analyses. SARS S proteins were detected with rabbit anti-S poly- 
clonal antibodies (1:200 dilution of serum; generously provided by Shan Lu) (45) 
followed by goat anti-rabbit immunoglobulin G conjugated with horseradish 
peroxidase (Pierce). Protein bands were visualized with SuperSignal chemilumi- 
nescent substrates (Pierce) according to the manufacturer’s protocol. 


RESULTS 


DC-SIGN and L-SIGN both serve as alternative receptors 
for SARS-CoV entry independently of ACE2. To determine 
whether DC-SIGN or L-SIGN could serve as alternative re- 
ceptors for SARS-CoV rather than simply as enhancer factors, 
infectivity of SARS pseudoviruses (murine leukemia virus 
pseudotyped with S glycoprotein) was examined by using HeLa 
cells transfected with plasmids encoding these proteins. As 
shown in Fig. 1A, HeLa cells transfected with peDNA empty 
vector were completely refractory to SARS pseudovirus infec- 
tion. In contrast, cells transfected with ACE2-expressing plas- 
mid efficiently supported pseudovirus infection. HeLa cells 
expressing either DC-SIGN or L-SIGN also were susceptible 
to infection, albeit considerably less so than those expressing 
ACE2. Although the difference was minimal and not statis- 
tically significant, cells expressing L-SIGN were consistently 
more susceptible to infection than those expressing DC- 
SIGN. 
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FIG. 1. DC-SIGN and L-SIGN serve as alternative receptors. (A) HeLa cells transfected with plasmids expressing ACE2, DC-SIGN, or 
L-SIGN were infected with SARS pseudoviruses. An empty vector (pcDNA) was used as a negative control. (B) ACE2- and L-SIGN-mediated 
infections were examined in the presence of various concentrations of an inhibitory peptide (P6) derived from ACE2 (13). (C) L-SIGN-mediated, 
but not ACE2-mediated, infections are inhibited by mannan in a dose-dependent manner. (D) Specific inhibition of ACE2-mediated infections by 
MAbs. A polyclonal anti-S-protein antiserum (poly Ab) from mice is able to inhibit infections mediated by both ACE2 and L-SIGN. 


We have previously described the development of an ACE2- 
derived peptide (P6) that potently inhibits SARS pseudovirus 
infections of Vero E6 or HeLa cells expressing ACE2 with a 
50% inhibitory concentration of approximately 100 nM (13). 
This peptide consists of two discontinuous segments of ACE2 
(amino acid residues 22 to 44 and 351 to 357) artificially linked 
by a single glycine residue. These determinants have been 
shown to interact, biochemically and structurally, with the 
RBM of S protein and are critical for mediating SARS-CoV 
infection (23, 25). To unequivocally demonstrate that 
pseudovirus infections of HeLa cells expressing L-SIGN are 
not mediated through ACE2, infectivity was examined in the 
presence of the P6 peptide. As shown in Fig. 1B, infection 
mediated by ACE2 was potently inhibited by P6 peptide in a 
dose-dependent manner as previously described (13). In con- 
trast, no inhibition was observed for L-SIGN-mediated infec- 
tion, even in the presence of 100 uM. Similar results were 
observed for DC-SIGN-mediated infections (data not shown). 
These results not only indicate that DC/L-SIGN serve as al- 
ternative receptors but also indicate that the binding site(s) of 
these proteins on S protein is distinct from the site that ACE2 
binds. 

DC/L-SIGN are members of a C-type lectin family, the in- 
teractions of which with ligands are carbohydrate dependent 
(2, 14, 26); they specifically recognize high-mannose glycans 
(10). Mannan, a carbohydrate composed of high mannose, 
inhibits binding of ligands to DC/L-SIGN. To demonstrate that 
infections of HeLa cells expressing DC/L-SIGN by our SARS 
pseudoviruses are indeed mediated by DC/L-SIGN, infection 
of HeLa cells expressing either ACE2 or L-SIGN were carried 
out in the presence of various amounts of mannan (Fig. 1C). 
As expected, L-SIGN-mediated infections were inhibited by 
mannan in a dose-dependent manner. In contrast, ACE2-me- 
diated infections were not affected by mannan. 

To further characterize virus entry mediated by ACE2 and 
DC/L-SIGN, sensitivity of pseudoviruses to neutralizing MAbs 
was evaluated. Four MAbs (CDC-336, CDC-341, CDC-523, 
and CDC-540; obtained from Lia Haynes at the Centers for 
Disease Control and Prevention) were evaluated. These anti- 
bodies were generated from mice immunized with whole inac- 
tivated SARS-CoV particles (44). The epitope recognized by 


CDC-341 is amino acid residues 490 to 510, which is at the 
C-terminal end of the RBD. The epitopes of the other MAbs 
have not yet been determined. Regardless, all four MAbs in- 
hibited ACE2-mediated virus entry (Fig. 1D). This is not sur- 
prising, since they were screened for their ability to block virus 
infection of Vero E6 cells. In contrast, none of the MAbs 
inhibited L-SIGN-mediated virus entry. This is not because 
L-SIGN-mediated infections are intrinsically difficult to in- 
hibit, since polyclonal antiserum from mice immunized with 
Lactobacillus casei expressing S-protein fragments (22) was 
able to inhibit infections mediated by both receptors. To- 
gether, these results demonstrate that DC/L-SIGN can medi- 
ate SARS-CoV infections independently of ACE2. 

DC/L-SIGN minimally enhance ACE2-mediated infections. 
Although the results of our study indicated that DC/L-SIGN 
function as alternative receptors for SARS-CoV, there re- 
mained a possibility that they also enhance ACE2-mediated 
infections. To evaluate whether there is a synergistic relation- 
ship between ACE2 and DC-SIGN or L-SIGN, pseudovirus 
infectivity in HeLa cells expressing various amounts of the 
latter proteins in the presence or the absence of ACE2 was 
evaluated. As expected, transfection of greater amounts of 
plasmid expressing DC-SIGN (Fig. 2A) or L-SIGN (Fig. 2B) 
increased pseudovirus infectivity. However, infectivity reached 
a plateau at about 0.5 wg of plasmid DNA, similar to what was 
observed with ACE2 (13). Consistent with results shown in Fig. 
1A, L-SIGN was more efficient than DC-SIGN in supporting 
SARS pseudovirus entry. When ACE2-expressing plasmid was 
cotransfected (0.25 wg), a low level of synergy was observed. 
The maximal synergistic effect (1.6-fold over the additive level) 
was observed when 0.25 wg of plasmids expressing DC-SIGN 
or L-SIGN was used. The synergy was lost when 1 yg of 
plasmid was used. This is likely due to the fact that as DC/L- 
SIGN concentrations increase, they are removing a pool of 
viruses that can bind ACE2, rendering the virus infection less 
efficient. These results indicated that infections mediated by 
ACE2 and DC/L-SIGN are minimally synergistic and that the 
receptors likely function independently. 

Glycans play an important role in SARS-CoV infections 
mediated by DC/L-SIGN. Since mannan inhibited SARS 
pseudovirus infections mediated by L-SIGN, glycans on S gly- 
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FIG. 2. Minimal synergy between ACE2 and DC/L-SIGN in SARS 
infection. SARS pseudovirus infections were carried out in HeLa cells 
transfected with various amounts of plasmids expressing DC-SIGN 
(A) or L-SIGN (B) with or without ACE2 (0.25 wg). A total of 1.25 pg 
of DNA was used, with pcDNA plasmid as a filler DNA. Dashed lines 
represent additive levels of infection. 


coprotein most likely play an important role. To demonstrate 
this more directly, effects of removing carbohydrate moieties 
on pseudovirus infectivity were examined. We have previously 
shown that carbohydrate moieties on S protein are high-man- 
nose and/or hybrid oligosaccharides and that they can be re- 
moved using Endo H under a mild condition (12). To remove 
glycans on S protein, pseudoviruses were treated with Endo H 
for different durations, from 0 to 4 h. Their infectivity was 
examined in HeLa cells expressing DC-SIGN, L-SIGN, or 
ACE2 (Fig. 3). As expected, infectivity of SARS pseudoviruses 
treated with Endo H decreased drastically in cells expressing 
DC-SIGN or L-SIGN in a time-dependent manner (Fig. 3A 
and B, respectively). In contrast, no reduction was observed for 
pseudoviruses incubated in either cell culture medium or 
buffer only. Not surprisingly, Endo H-treated pseudoviruses 
also lost infectivity in cells expressing ACE2, although the 
effect was significantly less pronounced than that for DC/L- 
SIGN-mediated infections; while it only took 30 or 50 min of 
Endo H treatment to observe 50% reduction in infectivity for 
DC-SIGN or L-SIGN, respectively, it took about 150 min for 
ACE2. Moreover, the maximal reduction in infectivity was less 


A. DC-SIGN 
120 


B. L-SIGN 
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for ACE2 (approximately 60% for ACE2 and 80 and 70% for 
DC-SIGN and L-SIGN, respectively). Taken together, these 
results suggest that glycans are involved not only in binding 
DC/L-SIGN but also in maintaining the proper conformation 
of the protein required for efficient interaction with ACE2. 

Glycans on specific sites are critical for L-SIGN-mediated 
infections. Treatment of glycoproteins with glycosidase allows 
only gross assessment of the potential importance of carbohy- 
drate moieties in protein function, because glycans are re- 
moved indiscriminately. In addition, the removal of a large 
mass of glycans could alter global conformation of the protein 
structure. In this regard, characterizing S proteins with indi- 
vidual glycosylation sites eliminated by site-directed mutagen- 
esis could provide more accurate information on the functional 
importance of glycans in virus entry. In particular, we were 
interested in (i) whether glycans at certain glycosylation sites 
are more important than others for virus entry and (ii) whether 
glycans at different sites have different roles in ACE2- and 
DC/L-SIGN-mediated infections. 

There are 23 potential asparagine (N)-linked glycosylation 
sites on S protein (Fig. 4A). On a linear map of S glycoprotein, 
these sites appear to be distributed into three distinct clusters: 
cluster I at the N terminus (aa 29, 65, 73, 109, 118, 119, 158, 227, 
269, 318, 330, and 357), cluster I in the middle of the protein near 
the border between S1- and S2-like domains (aa 589, 602, 691, 
699, and 783), and cluster III at the C terminus (aa 1056, 1080, 
1116, 1140, 1155, and 1176). To date, glycosylation at 13 of these 
sites (aa 118, 119, 227, 269, 318, 330, 357, 783, 1056, 1080, 1140, 
1155, and 1176) have been confirmed by either mass spectromet- 
ric (19, 49) or biochemical (6) analyses. The glycosylation status of 
other sites needs to be further determined. 

Since the $1 domain (aa 1 to ~680) (27, 41) is responsible 
for binding ACE2, we focused on characterizing 12 N-linked 
glycosylation sites in cluster I. Asparagine residues of the 
canonical NXS/T motif were individually mutated to glutamine 
(Q), which differs by only a single methylene group and rep- 
resents the most conservative amino acid substitution. Twelve 
mutant SARS pseudoviruses were generated, and their infec- 
tivity in ACE2- or L-SIGN-expressing HeLa cells was com- 
pared to that of the wild-type pseudovirus. As shown in Fig. 
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FIG. 3. Effects of deglycosylation on SARS-CoV infectivity. SARS pseudoviruses were treated with Endo H, buffer, or culture medium for 
various times, as indicated, at 37°C. Pseudoviruses subsequently were added to HeLa cells expressing DC-SIGN (A), L-SIGN (B), or ACE2 (C). 
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FIG. 4. Importance of specific glycosylation sites within cluster I for infections mediated by L-SIGN. (A) A schematic diagram of S glycoprotein 
and three clusters of potential N-linked glycosylation sites. Functional $1 and $2 domains, RBD and RBM, heptad repeat regions HR1 and HR2, 
and the transmembrane domain (TM) are indicated. Thirteen glycosylation sites, utilization of which was verified by mass spectrometry or 
biochemical analyses, are indicated by inverted triangles. (B) Effects of individual glycosylation site mutations on ACE2- or DC-SIGN-mediated 


SARS pseudovirus infectivity. (C) Western blot analyses of S-protein expression in TELCeB6 cells. 


4B, all of the mutant pseudoviruses exhibited near-wild-type 
levels of infectivity in ACE2-expressing cells. In contrast, four 
mutants exhibited marked defects in their ability to use L- 
SIGN (mutants N109Q, N118Q, N119Q, and N227Q). Their 
infectivity was only about 30 to 40% of that of the wild-type 
pseudovirus. This reduction is significant, considering that the 
infectivity of pseudoviruses treated with Endo H was approx- 
imately 30% of that of the untreated virus (Fig. 3B). A modest, 
but reproducible, reduction in infectivity also was observed for 
mutant N158Q. The loss of infectivity by these five mutant 
pseudoviruses is most likely due to a reduced ability of mutant 
S proteins to specifically interact with L-SIGN rather than 
gross misfolding of the protein, since ACE2-mediated virus 
infection is virtually unaffected. Not surprisingly, all of the 
mutant S proteins were expressed normally as demonstrated by 
Western immunoblotting (Fig. 4C). 

To further characterize five mutant S proteins, kinetic pa- 
rameters of pseudovirus infectivity were evaluated. To do so, 
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pseudovirus infectivity was reevaluated using a 20-min adsorp- 
tion period (the time viruses are allowed to adsorb onto cells 
before the inoculum is removed) in addition to the typical 60 
min. This was done because we have previously shown that 
ACE2-mediated infectivity begins to plateau by 60 min and 
that phenotypic differences between the wild-type and mutant 
ACE2 proteins were better observed using a 20-min period 
(13). The wild type and two mutants that did not exhibit sig- 
nificant defects (N29Q and N269Q) were examined as con- 
trols. As shown in Fig. 5A, the infectivity level of the wild-type 
pseudovirus at 20 min was about 70% of that at 60 min. The 
N29Q mutant pseudovirus exhibited an almost identical pat- 
tern. Although the level of infectivity of the N269Q mutant was 
slightly lower at 20 min, it increased to the wild-type level by 60 
min. In contrast, the infectivity of the five other mutants was 
significantly lower than that of the wild type at 60 min. Inter- 
estingly, the infectivity of these mutants at 60 min was virtually 
identical to that at 20 min. 
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FIG. 5. Infection kinetic analyses of glycosylation site mutants. (A) HeLa cells expressing L-SIGN were infected with either wild-type (WT) or 
mutant SARS pseudoviruses. Pseudoviruses were adsorbed to cells for either 20 or 60 min before removing the inoculum. (B) Detailed infection 
kinetics for mutant pseudoviruses N109Q and N118Q in HeLa cells expressing either ACE2 or L-SIGN compared to those of the wild type. 
Pseudoviruses were adsorbed to cells for 0, 5, 10, 20, 40, 60, 90, or 120 min before removing inoculum. Data were normalized to the wild-type virus 
titer from the 60-min adsorption period. 
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FIG. 6. Infectivity of multiple glycosylation site mutants. (A) HeLa cells expressing ACE2 or L-SIGN were infected with wild-type (WT) or 
mutant pseudoviruses. (B) Western blot analyses of mutant «15 S-protein expression in TELCeB6 cells compared to that of the wild type or mutant 


u.4, which exhibited normal infectivity using ACE2. 


To better understand this unexpected observation, more de- 
tailed ACE2- and L-SIGN-mediated infection kinetic analyses 
were performed for mutants N109Q and N118Q. As shown in 
Fig. 5B (left panel), both mutants exhibited infection kinetics 
similar to those of the wild type when ACE2 was used. How- 
ever, when L-SIGN was used, the mutants exhibited markedly 
different kinetics (Fig. 5B, right panel). In contrast to the wild 
type, the infectivity of which continued to increase beyond 20 
min, infectivity levels of mutant viruses reached a plateau in 20 
min, consistent with the results shown in Fig. 5A. The precise 
reason for this observation is not yet clear. It is also interesting 
that the initial kinetic of infection mediated by L-SIGN ap- 
peared faster than that mediated by ACE2. While infectivity of 
the wild-type pseudovirus reached 35% using L-SIGN within 5 
min of incubation, ACE2-mediated infection reached only 
about 5%. This suggests that interactions between L-SIGN and 
glycans are less specific, and therefore take less time, than 
those between ACE2 and the RBD of S protein. 

Thus far, the results of our study demonstrated that glycans 
are important for DC/L-SIGN-mediated SARS-CoV entry and 
that 5 of 12 glycosylation sites in cluster I are critical (ie., 
N109, N118, N119, N158, and N227). Although mutating each 
of these glycosylation sites resulted in substantial reduction in 
L-SIGN-mediated infectivity, none of them was completely 
disruptive. One likely explanation for this observation is that 
utilization of L-SIGN per se does not require the presence of 
all five glycosylation sites. However, efficient utilization may 
require a critical density of glycans and needs all five sites. 
Thus, eliminating any one of these sites would result in a 
reduction, but not complete loss, of infectivity. 

We next asked whether efficiency in utilizing L-SIGN corre- 
lated with the available number of glycosylation sites. One 
could hypothesize that eliminating a greater number of glyco- 
sylation sites simultaneously would render the protein progres- 
sively less efficient in utilizing L-SIGN. To test this hypothesis, 
we generated nine additional S proteins with multiple muta- 
tions in various combinations (double, triple, quadruple, or 
pentuple) and evaluated the infectivity of pseudoviruses using 


ACE2 or L-SIGN. Not unexpectedly, combining N29Q, N65Q, 
and N73Q mutations (i.e., mutant 12-1 or 3-1), none of which 
affected virus infectivity individually, reduced neither ACE2- 
nor L-SIGN-mediated infectivity (Fig. 6A). In contrast, we 
were surprised to observe that combining individual mutations 
that reduced virus infectivity (i.e., N109Q, N118Q, N119Q, 
N158Q, and N227Q) did not significantly worsen the effect, 
even when all five sites were mutated simultaneously (i.e., 
mutant 5). None of these mutants exhibited significant re- 
duction in infectivity using ACE2, except for that of 15, which 
was at about 70% of the wild-type level. The expression level of 
5 mutant S protein was not significantly different from that of 
u4 or the wild-type proteins (Fig. 6B), suggesting that this 
reduction in ACE2-mediated infectivity is not due to a defect 
in protein expression. Instead, mutating five glycosylation sites 
all at once most likely partially altered the conformation of the 
ACE2-binding domain. 
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FIG. 7. Importance of specific glycosylation sites within cluster II 
for infections mediated by L-SIGN. HeLa cells expressing ACE2 or 
L-SIGN were infected with wild-type (WT) or mutant SARS pseudovi- 
ruses. 
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FIG. 8. N-linked glycosylation site mutants of SARS-CoV S pro- 
tein affect both DC-SIGN and L-SIGN usage similarly. HeLa cells 
expressing DC-SIGN or L-SIGN were infected with wild-type (WT) or 
mutant SARS pseudoviruses. Mutant pseudovirus infectivity was nor- 
malized to that of the wild-type virus. 


Incomplete loss of infectivity by the 45 mutant could be 
explained if glycosylation sites outside of cluster I also could be 
utilized for DC/L-SIGN-mediated virus entry (Fig. 4A). The 
obvious alternative sites could be those within cluster II. To 
evaluate the potential role of glycosylation sites in cluster II, 
five additional mutant S proteins were generated (Fig. 7). Only 
two of the five proteins (N589Q and N699Q) exhibited partial 
loss (about 60% of the wild-type level) in L-SIGN-mediated 
infectivity. All of the mutants exhibited normal infectivity using 
ACE2 as a receptor. These results indicate that specific glyco- 
sylation sites in both clusters I and II play a role in DC/L- 
SIGN-mediated virus infections. 

Despite seemingly less efficient utilization of DC-SIGN by 
SARS-CoV pseudoviruses compared to that of L-SIGN, we 
nonetheless examined the effects of N-linked glycosylation site 
mutations on DC-SIGN-mediated pseudovirus infectivity. All 
seven glycosylation site mutations that affected L-SIGN usage 
were evaluated (i.e., N109Q, N118Q, N119Q, N158Q, N227Q, 
N589Q, and N699Q). As shown in Fig. 8, DC-SIGN-mediated 
infections were affected in a manner similar to that of L-SIGN- 
mediated infections. As expected, no significant loss of infec- 
tivity was observed for N330Q, N357Q, or the 2-1 double 
mutant (N65Q/N73Q). These results suggest that DC-SIGN- 
and L-SIGN-mediated infections likely proceed by a similar 
mechanism. 


DISCUSSION 


To date, the precise role of DC/L-SIGN in SARS-CoV in- 
fections is unclear and controversial. In a number of studies, 
DC/L-SIGN have been reported to function as infection en- 
hancer factors but not as receptors (30, 39, 48); while these 
lectins capture and transfer viruses to neighboring target cells 
expressing ACE2, thereby facilitating infections in trans, they 
themselves did not appear to support virus infections directly. 
In contrast to these reports, Jeffers et al. (18) have shown that 
L-SIGN could serve as an alternative receptor. In agreement 
with the latter study, the results of our study clearly demon- 
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strated that both DC-SIGN and L-SIGN do indeed serve as 
receptors independently of ACE2, albeit less efficiently (Fig. 
1). The reason for the discrepancy is presently unknown. 

One possible reason for the contradictory results is that 
different studies used different cell lines. While Jeffers et al. 
used CHO cells and we used HeLa cells, other studies used 
either quail-derived QT6 cells or B-THP-1 Raji B cells. If this 
speculation is true, then it raises the possibility that SARS- 
CoV uses a coreceptor, which could be present on CHO or 
HeLa cells but not on QT6 or B-THP-1 cells. Alternatively, 
DC/L-SIGN could be posttranslationally modified differently 
in different cell types, allowing the proteins on some cells to 
mediate virus infection but not those on others. Another pos- 
sibility is that there could be subtle differences in membrane 
fluidity, which could affect the movement of membrane pro- 
teins within the lipid bilayer or membrane protein trafficking 
among different cell types. Regardless, additional studies will 
be necessary to better define the functional properties of DC/ 
L-SIGN in SARS-CoV infections. 

In this study, we have identified seven potential N-linked 
glycosylation sites that play an important role in L-SIGN-me- 
diated SARS-CoV entry. They include residues N109, N118, 
N119, N158, and N227 within cluster I and N589 and N699 
within cluster II. It should be mentioned that, to date, glyco- 
sylation has been positively confirmed physicochemically only 
for residues N118, N119, and N227 (6, 19, 49) (Fig. 4A). How- 
ever, asparagine residues at N109, N158, N589, and N699 are 
most likely glycosylated on the basis of the facts that (i) mu- 
tating these sites specifically diminished L-SIGN-mediated in- 
fections but not those mediated by ACE2, and (ii) mutating 10 
other asparagine residues did not nonspecifically affect virus 
infectivity. Regardless of whether these asparagine residues 
are actually glycosylated or not, the results of our study indi- 
cate that these amino acids are critical for L-SIGN-mediated 
virus infections. 

It is interesting that two glycosylation sites in cluster II are 
located distant from the five sites in cluster I (Fig. 9A). This 
result raises a question as to whether the glycosylation sites in 
the two clusters are indeed physically separated or whether 
they actually lie close together on a tertiary structure of the 
protein. Solving a crystal structure of an intact protein will be 
needed to address this question. It also is noteworthy that all 
seven glycosylation sites are situated clearly outside of the 
ACE2-binding domain (aa 318 to 510). In this regard, it was 
somewhat surprising that four glycosylation sites located close 
to or within the ACE2-binding domain (N269, N318, N330, 
and N357) were dispensable for DC/L-SIGN-mediated infec- 
tions. Although we can speculate (see below), we do not yet 
know why only certain glycosylation sites are capable of medi- 
ating infections through DC/L-SIGN. 

In a recently reported study, it has been suggested that a 
region between amino acid residues 324 and 386 of S protein 
was the minimal DC-SIGN-binding domain and that glyco- 
sylation sites N330 and N357 are involved in DC-SIGN-medi- 
ated SARS-CoV infections (39). This conclusion was based on 
the following observations. First, a recombinant baculovirus 
that expressed amino acid residues 17 to 386 of S protein fused 
to a truncated baculovirus envelope glycoprotein, gp64, was 
able to bind B-THP-1 cells expressing DN-SIGN but not a 
virus that expressed residues 17 to 324. Second, an epitope 
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FIG. 9. Role of N-linked glycosylation sites in S-protein function. (A) A schematic diagram of S glycoprotein. Locations of seven glycosylation 
sites important for DC/L-SIGN-mediated infections are shown. Yellow lines indicate positions of 17 amino acids that are different between SZ3 
and Urbani. Amino acid changes critical for efficient usage of human ACE2 (K479N and S487T) are identified by inverted triangles. Amino acid 
changes that introduced two novel N-linked glycosylation sites are shown with red dots (K227N and L701S). (B) Amino acid sequences of S 
proteins of viruses isolated from civets and humans. Viruses isolated from humans at different phases of the epidemic are indicated (S, sporadic; 
E, early; M, middle; and L, late). Amino acid sequences are compared to that of the SZ3 isolate, and they are color coded as follows: tan, changes 
found predominantly in civets; yellow, changes found mostly in human isolates; green, changes found both in human and civet isolates; light blue, 
changes critical for human ACE2 usage; orange, changes that introduce two novel glycosylation sites; and purple, sporadic changes. Numbers 
indicate amino acid positions. (C) A crystal structure of an RBD of S protein complexed with neutralizing antibody 80R (15) (Protein Data Bank 
file 2GHW). The RBM and locations of glycosylation sites N330 and N357 are shown. The first residue of the RBD (1319) shows the likely position 
of glycosylation site N318. The 2GHW file was used because it included residues closest to N318. (D) Likely ability of different SARS-CoV isolates 
to replicate in humans. Isolate names and critical amino acid changes that could have facilitated zoonotic transmission of the virus are indicated. 


recognized by a monoclonal antibody that prevents binding of 
SARS-CoV to DC-SIGN was mapped to amino acid residues 
363 to 368. Third, mutating N330 and/or N357 to glutamine 
partially reduced the infectivity of SARS-CoV pseudoviruses. 

Despite seemingly contradictory results, it should be empha- 
sized that the two studies are fundamentally different. In our 
study, we examined glycosylation sites that are critical for di- 
rect virus entry (i.e., using DC/L-SIGN only, independently of 


ACE2). In contrast, Shih et al. (39) examined glycosylation 
sites important for capturing viruses by DC-SIGN-expressing 
B-THP-1 cells and subsequent trans-infection of HepG2 target 
cells that express ACE2. 

Besides the difference in the nature of the assay, we feel that 
Shih et al. (39) may have overlooked the importance of other 
glycosylation sites for the following reasons. First, expression 
of amino acid residues 17 to 324 fused to baculovirus gp64 
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could have resulted in a misfolded protein. Therefore, to con- 
clude simply that glycosylation sites between amino acids 17 
and 324 are not involved in binding DC-SIGN is somewhat 
flawed. Second, the glycosylation pattern of S glycoprotein 
expressed in insect cells could be significantly different from 
that expressed in mammalian cells, in terms of both site usage 
and types of modifications. In fact, our recent mass spectrom- 
etry analyses of S1 protein expressed in insect cells using a 
recombinant baculovirus (4) have shown that residues N227 
and N269 are not glycosylated (unpublished data). Third, they 
utilized only a limited number of MAbs to identify ones that 
can block DC-SIGN-mediated trans-infection. Finally, Shih et 
al. (39) did not examine the effects of mutating other glyco- 
sylation sites. 

According to our data, glycosylation sites at N330 and N357 
do not support direct infections mediated by L-SIGN (Fig. 4B). 
However, these residues have been implicated in binding DC- 
SIGN and in mediating trans-infections (39). Together, these 
results seem to suggest that binding of DC/L-SIGN to glycans 
at these sites, unlike the seven sites we found to be important, 
does not lead to an eventual fusion of viral and cellular mem- 
branes. This failure could be due to certain geometrical con- 
straints that prevent one of the post-receptor-binding events 
from occurring (e.g., conformational changes in S protein or 
insertion of a hydrophobic fusion domain into the cellular 
membrane). Examination of a crystal structure of the (ACE2) 
RBD shows that N330 and N357 are located distant from the 
RBM (Fig. 9C). N318, which also does not support direct 
infections mediated by DC/L-SIGN, is situated even further 
away (inferred based on the position of 1319 on the crystal 
structure). These residues are located on a plane that is per- 
pendicular to that of the RBM. One could speculate that such 
orientation prevents the protein from undergoing proper con- 
formational changes. Determination of the structure of an 
intact protein (or at least the entire $1 domain) could facilitate 
better understanding of post-receptor-binding events of 
SARS-CoV entry processes. 

Although the exact origin of SARS-CoV responsible for the 
2002 and 2003 epidemic is unknown, molecular phylogenetic 
analyses and epidemiological studies indicate clear zoonotic 
transmission of the virus (11, 40). One likely source is Hima- 
layan palm civets (Paguma larvata). Amino acid sequence anal- 
yses of S glycoproteins of viruses isolated from civets (SZ3) 
and humans (Urbani) revealed a difference of 17 residues (Fig. 
9B). Two of these changes, which lie within the RBM (K479N 
and $487T), have been shown to be critical for efficient binding 
to human ACE2 (25, 36). Plotting the mutations on a linear 
diagram of S glycoprotein revealed two major clusters of mu- 
tations (227 to 261 and 607 to 778), which suggests the impor- 
tance of some of these changes for adaptations to grow in 
human cells (Fig. 9A). Interestingly, we noticed that mutations 
K227N and L701S have introduced two novel N-linked glyco- 
sylation sites at N227 and N699, both of which we found were 
important for L-SIGN-mediated infections (Fig. 4B and 7). 

Extensive database searches of SARS-CoV S glycoproteins 
showed that K227N and L701S mutations are found in all 
viruses isolated from humans. Among viruses isolated from 
civets, there were strains with the L701S mutation alone (e.g., 
HC/SZ/61/03) or both K227N and L701S mutations (e.g., 
Civet014 or PC4-137). These viruses contained neither K479N 
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nor $487T mutation. Some viruses contained both K227N and 
L701S mutations as well as K479N (e.g., PC4-115 isolated from 
a civet and GD03T0013 isolated from a human patient). From 
these observations, together with the fact that SZ3 is extremely 
poor in infecting cells using human ACE2, it is tempting to 
speculate that the two glycosylation sites at N227 and N699 
have facilitated zoonotic transmission of SARS-CoV. As dia- 
grammed in Fig. 9D, SZ3 virus infection in humans might not 
be productive due to inefficient utilization of human ACE2 by 
the virus. However, a virus with glycosylation sites at N227 
and/or N699 could replicate in humans better than SZ3 using 
DC/L-SIGN. This could provide opportunities for producing 
variants with K479N and/or S487T mutations, allowing the 
mutant viruses to efficiently utilize human ACE2. More de- 
tailed phylogenetic analyses using a greater number of virus 
isolates and additional site-directed mutagenesis studies will be 
required to provide conclusive answers. 
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